In this study, a new homopolar permanent-magnet (PM) linear tubular motor is designed, analyzed and optimized. Firstly, a mechanical structure of the linear oscillating motor (LOM) is proposed and the main working principles are introduced. A basic dynamic mathematic model of the motor is given. Secondly, the magnetic circuit of the motor is analyzed and equivalent magnetic modes are obtained to estimate the magnetic characteristic and force outputs. Thirdly, optimizations including the tooth stricter of the E-core stator, the size of the PM and the air gap length are carried out to improve the force output performance of the motor, increasing force outputs and reducing force ripples during the stroke. Finally, the motor prototype is manufactured according to the design and experimental tests involving force outputs and working efficiency are measured. The average force output and efficiency of the motor can achieve 60 N and 67 %, respectively. Results obtained by finite element method (FEM) and experiments prove the correctness of the design and the effectiveness of the LOM.
I. INTRODUCTION
Linear oscillatory motors (LOMs) are extensively employed in industrial applications and domestic appliances, such as wire bonders, air conditioners and refrigerators and so on. High-frequency oscillations are necessary for these applications. Generally, some tubular LOMs can provide a highfrequency reciprocating movement and they usually move less than one pole pitch of the whole stroke. In literature [1] , a linear tubular switched reluctance compressor is designed and tested in a refrigerator. Switched reluctance motors, however, have low efficiency and less force to volume ratio compared with permanent magnet (PM) motors, which means they are usually operated with low power density. Consequently, this compressor has a relatively big volume and a small power density. In order to address this problem, linear PM oscillating motors are usually investigated by researchers before. For PM LOMs, iron core and coreless approaches are developed for diverse applications. In [2] , a voice coil vibration motor is designed with moving magnets. The movement is limited by PMs at the end of the motor. Thus, the moving The associate editor coordinating the review of this manuscript and approving it for publication was Gaolin Wang. displacement will be also limited and this motor is only used in short stroke oscillation. Apart from moving PMs, the mover consist of coils in the motor has been designed, with armature reaction analyzed in [3] . Some PMs are optimized for linear motors to improve their performance in [4] , [5] . Also, some LOMs with an iron core have also been developed recently and there are two classifications for different core shapes including C-core and E-core, respectively. A C-core LOM is investigated for different laminated stators in [6] and different PMs are also developed in [7] . This type of LOM is usually used in linear compressors with less moving displacement. In [8] , a C-core LOM with Halbach magnets mover is designed. The efficiency and iron loss of the motor is analyzed. Results show that the efficiency of the motor can exceed 92%. Meanwhile, the E-core LOMs are presented by a series investigation in [9] - [14] . There are mainly four types of PM LOMs involving an E-core stator, as shown in Figure 1 . Two coils are embraced by the E-core and connected in antiseries, constructing the windings of the stator. In Figure 1(a) , two PM rings magnetized radically are mounted on the surface of the moving part, forming two poles for the motor. This kind of motor could be manufactured easily and it can be produced massively. Similarly, four PM rings are mounted on the surface of the mover to construct a quasi Halbach PMs for the motor, as shown in Figure 1 (b). This structure might have a higher force to volume ratio and the thickness of the back iron of the mover can be reduced as the Halbach PM array. The Halbach PM approach is also studied in Figure 1 (c). Three PM rings are mounted on the surface of the mover. Two of them are magnetized in the radial direction and one is magnetized in the axial direction, constructing the Halbach magnetic poles. A PM ring being axially magnetized is sandwiched by an iron core of the mover to produce two poles for the motor, as shown in Figure 1 (d) . This approach could reduce the size of the PMs and increase the force output of the motor, but the mass of the moving part could be added as the moving iron core. In addition, some E-core LOMs are designed by transverse flux way and employed by linear compressors. In [15] , two types LOMs with transverse flux are compared and the results showed that the thrust of the two methods is very similar. The transverse flux LOMs equipped by PMs and PM free approach are compared in [16] . Consequently, although the LOM with PMs performs better physically according to the research results, the cost and the manufacturing procedure cannot outweigh that of LOM without PMs. To obtain reliable and qualified products, a system-level design optimization is investigated for mass production of motors [17] . Also, a multimode design method has been proposed to obtain optimal dimensions of the motor in paper [18] . Furthermore, the multi-objective optimization method is developed with a sensitivity index [19] . These optimization methods are new trend for motor design in the future.
For all E-core LOMs mentioned above, at least two poles should be produced by two magnets or one magnet with iron cores. Though the movements of the mover need a shortstroke reciprocating motion, the truth is that the displacement is limited by the structure and this kind of structure cannot improve the displacement of the moving part because the moving distance is limited in one pole pitch of the motor. These LOMs can be used by linear compressors for air conditioners and refrigerators. They can also be employed by linear vibration motors under high frequency operations for wire bonding equipment.
In this study, a new LOM with an E-core stator is designed. The mechanical structure of the motor is shown in Figure 2 (a). Only one homopolar magnet being magnetized radically can the mover be formed for the motor. The moving displacement of the mover can be improved within one stroke. Put it in another way, the moving stroke of the motor cannot be limited in one pole pitch of the motor. The advantages and disadvantages of these linear motors with E-core stators are listed in Table 1 . Two coils embraced by the E-core stator can be connected in parallel, series or anti-series on the actual requests and the working mode of the motor can be adjusted according to the requirements. The force output of the mover can be governed precisely by controlling the excitations of the two coils. This paper presents the structure and design procedure of the LOM. The working principles and mechanical construction are introduced in part II. Then, the magnetic VOLUME 7, 2019 circuit of the motor is designed and analyzed in part III, with FEM vindicated the effectiveness of the designed structure of the magnetic circuit, followed by the optimization of the teeth structure of the E-core stator in part VI. Finally, a prototype of the motor is produced and experimental tests including the force output characteristics, the efficiency with loads for the motor are obtained. Some conclusions end this paper.
II. MECHANICAL STRUCTURE AND BASIC MODEL A. MECHANICAL STRUCTURE
The mechanical structure of the LOM is shown in Figure 2 . The motor mainly consists of the E-core stator, the mover with a PM ring and a shaft. The back iron for the PM is fixed on an aluminum crust of the motor which also embraces the E-core stator. The mover and the stator are connected by a shaft guided by bearings at the end of the mover. The PM ring is mounted on a carbon fiber tube to construct the mover. The mover is installed on a linear guider which is fixed on a basement to ensure the air gap lengths between the stationary part and the mover. The winding of the motor consists of two coils and they can be connected in series with same currentcarrying direction shown in Figure 2 . Interestingly, the PM ring is magnetized radically regardless of the polarized direction so that only one magnetic pole can produce by the PM for the motor. The magnetic circuit structure of the motor after optimized which will be introduced in part VI as shown in Figure 3 (a). The section view about the ending surface of the motor and the section view along the moving direction are given, including the E-core stator, the PM ring, winding and the back iron. It can be seen that the linear tubular motor has a simple magnetic structure and just a homopolar magnet ring is used to react with the E-core stator after the winding is excited. When changing the coil current direction, the alternative thrust directions along the shaft will push the mover to vibrate. The main advantage of the structure is that the moving distance can be improved under the identical size of the E-core stator, compared with other E-core LOMs. The moving distance can exceed the width of one pole so that the distance can be doubled. In this paper, the moving distance is 25 mm that is longer than other LOMs with the same E-core stator. The E-core stator is made of a soft magnetic powder composite which is comprised by Ni, Fe and Si. The saturated flux density of the material is 1.6 T. The three-dimensional flux distribution generated by the PM is shown in Figure 3 (b). Main flux lines are closed along the E-core stator and the back iron, which suggests that they provide the main magnetic circuit for the motor. The half cross-sectional schematic of the proposed structure is given in Figure 4 . There are two air gaps sandwiching the moving magnet. Importantly, the shape of the teeth of the E-core stator plays a significant role in the force ripples of the motor. The length of the gap between the teeth also needs to be designed accurately according to the length of the PM. The main specifications are listed in Table 2 . 
B. MATHEMATIC MODEL
For electric terminal of the motor, the dynamic equations can be expressed by
where V t is the terminal voltage of the motor and e is the back electromotive force (EMF). i, R and L are winding current, resistance and inductance, respectively. Lower case symbols denote the windings of the motor. The back-EMFs of the motor can be calculated by
k v is the speed constant in the linear direction and v is the speed of the mover. Mechanical output of the motor can be expressed as
F l is the load force. B l is the damping coefficient of the motor. M represents inertia mass of the mover. The electromagnetic force can be calculated by the following equations.
The constant k v is determined by the structure of the motor and the calculation method will be introduced in the magnetic circuit design of the motor.
III. MAGNETIC CIRCUIT DESIGN
The mechanical dimensions of the motor should be estimated according to the magnetic structure, electric load and magnetic load. The mechanical structure and dimensions can be quickly estimated by analyzing the magnetic circuit path. The basic dimensions of motor can be determined if the armature reaction of the motor is considered because the armature reaction can reflect the influences of the electric load of the motor. These parameters can be analyzed and adjusted by FEM to predict the performance of the motor accurately.
In this section, the basic parameters including the mechanical dimensions of the motor are analyzed and evaluated by the following equations. This is the first step to design a new motor.
A. OPEN CIRCUIT FLUX ANALYSIS
The flux line distributions generated by the PM are shown in Figure 5 when the moving PM locates at different positions. It can be seen that the flux lines are closed along with the E-core stator, the air gap and the back iron. According to the flux line figure, the equivalent magnetic circuit of the motor can be plotted as shown in Figure 6 when the coils of the motor are not excited, neglecting local saturation condition. In this figure, Ry and Rs are the magnetic reluctance of the yoke of the E-core stator and the back iron. R f is the magnetic reluctance reflecting the fringing effect of the E-core stator and the back iron. R fm is the magnetic reluctance reflecting the fringing effect of the PM. Both R f and R fm can be regarded as the factors causing flux leakage to the PM. F m signifies the magnetic motive force (MMF) generated by the PM. In order to determine the PM size easily, the fringing effect cannot be taken into account in the first step. Assuming that the magnetic permeability of the E-core stator and the back iron is infinite, the magnetic circuit of Figure 6 can be simplified as Figure 7 . The following equations can be obtained according to magnetic circuit laws..
where D1, D2, and D3 represent the average circular length of these air gaps. As the magnetic flux through the air gaps and the PM are nearly equal, shown by (12), the size of the PM can be calculated by the following equations
where H m , H g 1 , H g 2 and H g are magnetic intensity in the PM, air gap g 1 , g 2 and g respectively. F drop represents the magnet motive force drop produce by the iron cores of the magnetic circuit. B m , B g 1 , B g 2 and B g are magnetic flux density in the PM, air gaps g 1 , g 2 and g respectively. A m , A g 1 , A g 2 and A g are sectional maps of the PM, air gaps g 1 , g 2 and g respectively. K g 1 , K g 2 , K g are flux leakage coefficients. In order to simply calculation steps to obtain the size of the motor, the magnetic motive force and the flux leakage can be negligible firstly. The magnetic motive force drop and the flux leakages can be calculated according to the magnetic circuit analysis later. Then, the equation can be expressed as
According to Figure 4 , the sectional maps of the PM, the air gap g 1 and the air gap g 2 are equal.
Therefore,
The permeability in the PM and the air gaps is nearly identical with µ 0 , then the following equations can be obtained.
The size of the PM can be calculated by
The yoke thickness and the pole width of the E-core stator can be designed by the following equations. 
The magnetic motive force drop in the iron cores F drop and the flux leakage effect of the motor also need to be taken into account. F drop depends on the magnetic reluctances of the yoke and poles of the E-core stator and the back iron of the mover. These magnetic reluctance can be derived by the parameters of the iron cores and their relative permeability. The fringing effects on the PM and the soft material cores of the motor need to be considered. According to Figure 6 , the fringing effect can be plotted as shown in Figure 8 . The fringing magnetic reluctances can be calculated. The longest arc is a half-circle with the diameter of g, the length will be 1.57 times of the diameter. The second arc is a quarter of a circle shown in Figure 8 and the length of the second arc can be calculated by equation (19) .
The average length of the fringing magnetic path of the soft material core will be
The average section map of the fringing flux form the E-core stator to the back iron can be
where V is the volume occupied by the fringing flux lines which can be approximately a half ring with the diameter of g. The fringing magnetic reluctance is calculated as 3.85 times of air gap magnetic reluctance. As the magnetic reluctance in the PM is tremendous, the average fringing magnetic path of the PM can be calculated as
The flux tube volume is a half hollow ring with the diameter of t. The fringing magnetic reluctance is shown in Figure 8 .
If the PM size is determined, the flux density in the air gaps needs to be modified after obtaining the fringing effects of the motor.
where K f is a coefficient to the fringing effect of the motor and it can be calculated by
R e2 and R e1 are magnetic reluctance of equivalent magnetic circuits in Figure 7 and Figure 6 , respectively.
The symbol // signifies that the reluctances are connected in parallel.
The linear force output of the motor can be derived by the change of the magnetic flux through in the E-core stator.
where N c is the turns of a coil in the E-core stator. I is the current flowing along the coil. x is the displacement of the mover and ∅ denotes the flux of the E-core stator. The force constant of the motor can be obtained.
It can be seen that the constant of the motor mainly depends on the magnetic flux density in the air gap, the radium of the mover and the coil turns of the stator. The copper loss and the core loss of the motor can be estimated by the equations as follows.
p Fe = p h + p e = K h fB 2 m + K e (fB m ) 2 (34) K h and K e are 0.08 and 0.0004. ρ is the resistivity of copper. l a is the average length of the coil in one slot of the E-core stator. A s and K p are the area of the slot and the package factor of the coil to the slot. If the velocity of the mover is determined, the efficiency η of the motor can be estimated according to the equations (34).
The magnetic path when one coil of the motor is excited and its equivalent magnetic model.
B. ARMATURE REACTION
The yoke thickness and the pole width of the E-core stator need to be redesigned if the coil is excited. As shown in Figure 9 , the section view of flux path for the current carrying coil and its equivalent magnetic circuit are given, considering the leakage flux paths including R s1 , R s2 and R s3 , respectively. They can be estimated by the following equations.
(37)
According to Figure 9 , the total magnetic reluctance to the current-carrying coil can be calculated as
To avoid the local saturation of the motor, the yoke thickness and the pole width of the E-core stator can be redesigned as
IV. OPTIMIZATION BY FEM SIMULATION
The primitive size and parameters can be calculated according to the theoretical equations. If the specifications of the motor are needed for practical manufacturing, we can calculate these parameters and mechanical dimensions accurately by FEM and this procedure can be regarded as an assistant design of electric machines because it calculates these parameters more precisely than the rough manual calculation. In order to improve the force output and reduce the force output ripple when the mover aligns with the central tooth of the stator, the teeth shape of the stator and the thickness of the PM should be optimized for this motor. In this section, some parameters are analyzed to obtain a better performance for the motor.
A. INFLUENCE OF TOOTH STRUCTURE
The length of the open slot is 3 mm and two open slots are located against the left tooth and the right tooth of the E-core stator, as shown in Figure 10 . The position shown in the figure is defined as the original place of the slots. The linear force profiles of the moving PM in the entire stroke from 0 to 25 mm are calculated by FEM when the slots move to the central tooth of the stator. According to the force profiles in Figure 11 , the linear force of the PM undergoes a bowl-shaped curve during the stroke when the slot position is zero, with force output approaching 55 N at the beginning displacements of 3 mm and dropping sharply to a value that is approximately minus 5 N, finally climbing to 55N at the end of displacement. This force characteristic cannot meet the force requirement of a linear motor because it has a negative part during the stroke. This negative part disappears after the slots move to the position of 6 mm. However, there is a positive force ripple after the slot position exceeds 8 mm and this ripple becomes larger afterward. Therefore, the optimal slot position could be selected as 7 mm to 8 mm for this motor under the previous design procedures. If the slot is located at the position of 7 mm and the length of the slot s increases from 1 mm to 7 mm, the linear force output profiles are plotted in Figure12. The linear force ripple becomes smaller with the increase of the slot length. It suggests that the slot approaching the central tooth of the E-core stator can improve the force output performance of the motor, but the force output at the beginning displacement will decrease if the slot length increases. So, the slot length could be chosen between 2 mm to 5 mm for this motor for the first stage.
Apart from the influence on the force ripple from the slot length, the height of h1 can also put a significant impact on the force ripple. As shown in Figure 13 , the force ripple will increase with the decrease of the height, especially for the displacements between 12.5 mm to 25 mm. This is mainly caused by the local saturation of the E-core stator due to the decrease of the height. However, increasing the height of h1 could improve the mass of the E-core stator and then the whole mass of the motor will be increased also. In order to avoid the local saturation, the tooth shape for the motor can be designed as a triangle style finally.
B. PM SIZE
After optimized the teeth shape of the motor, the size of the PM should also be optimized again. In Figure 14 , when the length of the PM (l) changes from 10 mm to 20 mm, the force output profiles are obtained. For this motor, if the PM length is less than 14 mm the force output will experience a negative part after the PM displacement exceeding 12.5 mm. If the PM length is larger than 14 mm, the force output curve will become a quasi-sinusoidal waveform and the peak value can be up to 120 N. As the current following direction is a constant during one stroke and the force ripple should be limited for the LOM, the PM length is selected as 14 mm finally.
The thickness of the PM also put influence on the force output of the motor, as shown in Figure 15 . When air gap1 and air gap2 are 0.3 mm and the thickness of the PM increases from 1 mm to 11 mm, the force profiles are given in Figure 15 . The force output of the motor will be improved with the increase of the thickness. However, when the thickness exceeds 3 mm, the force output can increase slightly due to the limited size of the E-core stator and excitations for the designed motor. The PM thickness for the motor is 2 mm according to the previous design size of the E-core stator and power output of the motor.
Considering the electric parameters of the motor, the thickness of the PM needs to be designed precisely to get rid of fatal demagnetization of the PM. If the flux leakage of the motor is ignored and the demagnetization is totally produced by one coil, the thickness of the PM has to meet the following equation.
t ≥
NcI H m (42) H m is the magnetic intensity that is within the optimal operating area of the PM and this value is also influenced by the ambient temperature of the PM in the motor.
C. AIR GAP LENGTH
The air gap length g can change the force output performance of the motor. When the air gap increases from 2.2 mm to 3.8 mm, the force outputs of the motor are flatter during the stroke, as shown in Figure 16 . The maximum force output at the beginning position is nearly double times than that at the ending position when the air gap is 2.2 mm. Although the peak value of the force output is improved by decreasing the air gap length, the force output varies dramatically during one stroke under the rated current excitation and the manufacturing process could also become more diffident. The air gap length of the motor can be selected according to the requirements of practical applications. In this study, the air gap is selected as 2.6 mm for the designed motor.
D. COIL CONNECTION
The force output profiles under different excitation currents are obtained after finishing the optimization. The force outputs in the entire stroke are given in Figure 17 when the two coils of the E-core stator are connected in series with an identical current flowing direction. The linear force outputs are nearly proportional to the excitation currents and the force curves are nearly horizontal lines in addition to slight fluctuations in the central part. The average force output can exceed 60 N at rated current excitation. If the two coils are excited separately, the force output profiles are obtained by FEM as shown in Figure 18 . The force outputs in the displacements at the beginning to the 10 mm can keep constant values and then decrease gradually to zero at the position of 15 mm. Interesting, the force outputs generated by another coil with an identical current excitation are zero during the distance from 0 to 10 mm and increase to constant values at the position 13 mm. During the displacement of 10 mm to 15 mm, there are two force outputs simultaneously if the two currents of the coils are controlled VOLUME 7, 2019 at the same time. A comparison of some parameters for the optimized motor is given in Table 3 . As there are still a lot of parameters that are not taken into account by above optimizations, these optimized values given in this table could be suboptimal parameters for the motor.
V. EXPERIMENTAL RESULTS

A. EXPERIMENTAL SETUP
The experimental platform to test the designed LOM has been built as shown in Figure 19 . The whole experimental setup includes two LOMs with linear encoder, drivers for the motors, a power supplier, a force gauge and dSPACE card DS1104. The experiments are carried out by two steps. One is the measurement of the force outputs of the motor. The shaft of the motor is connected with the force gauge and this motor is driven by a current driver which is controlled by the dSPACE card plugging into a computer. The current of the motor can be regulated precisely according to the signal from a digital-to-analog (DAC) converter of the control card. The displacement signal of the motor is obtained by a linear decoder and this signal is a feedback to the control card. The control scheme for the motor is built by the software package MATLAB/Simulink and it can be programmed to the control card directly. Another experiment is able to test the efficiency of the LOM. The motor is connected with another linear motor that is considered as a load and this load can be controlled by the control card. Therefore, the efficiency of the motor can be tested for the motor under different reciprocating frequencies.
B. RESULTS
The force output of the motor is measured at different displacements of the mover and the motor is excited under the rated current of 2 A. The designed force outputs, the FEM results and the experimental results are compared in Figure 20 (a). Some force ripples exist in the middle part of the motion stroke of the motor and these ripples can be controlled by regulating the current of coils. The measured force outputs are a little bit less than that of FEM results. The main reason could be the flux leakage in a real application is more serious than FEM calculation. Also, the efficiency of the motor is obtained by the design and the experimental tests, as shown in Figure 20 (b) . It can be seen that the efficiency of the motor experiences a parabolic curve. The efficiency is relatively low when the operation frequency of the motor is low and it will grow gradually with the increase of the frequency, reaching to 67 % at the maximum point and then going downwards slowly. The practically measured result is slightly less than that of designed calculation as some extra mechanical losses are ignored by the theoretical calculation. Generally, the measured results agree with that of the theoretical results according to Figure20.
Force outputs under different current excitations and the efficiencies from the simulation and experimental results are listed in Table 4 .
VI. CONCLUSION
The paper presents a new LOM with a homopolar structure. The mechanical and working principle has been introduced firstly. The magnetic circuit of the motor is analyzed and some parameters are calculated by the design procedure. In addition, optimizations for the factors influencing the force outputs are obtained by FEM results including the shape of the tooth, the size of the PM ring and the air gap length. The experimental results show us the force characteristics of the motor and its efficiency is obtained. The main contributions of the paper include: 1) Compared with traditional studies, a new homopolar structure of the LOM is proposed and its design method is elaborated. This motor has a longer moving scope during a stroke compared with traditional LOMs with identical size.
2) The magnetic circuit analysis for the motor is given and the optimizations to improve the force outputs and reduce the force ripples have been carried out. The main specifications are obtained after optimizing the size of the motor.
3) A prototype of the motor is produced and tested. Experimental results including the force output measurement and the efficiency of the motor are obtained finally to validate the designed LOM.
The experimental results can testify the correctness of the designed procedure of the motor and the performance of the motor proves the effectiveness of the proposed structure. This motor could be widely employed in the future.
